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Small Dense Microporous Solid Support Materials, Tiieir Preparation, 
and Use F rPurificad n of Large Macromolecules and Biopartidcs 

Field of Invention 

5 The present invendon relates to soHd supports for purification of bioparticles or 

high molecular weight macromolecules. 

Backgronnd of the Invention 
High molecular weight CHMW^ macromolecules sudi as nuddc adds^ 
polysaccharides^ protdn aggregates, andbiopartidessuchasvinises; viral vectors, 

10 membrane protdns and cellular structures^ are difficult to isolate from biological 

sources due to thdrplg^caldiaracterisdcs. Classical tec^ques for isolating HMW 
macromolecules and bsopartictes indude gradient den^ centrifiigation, 
imcn)fiitradon, ultrafihration and cfarotnatogr^fay. TThese methods present a mmiber 
of practicai disadvantages. Gradient density centrifiigation is a time consuming and 

1 5 energy intensive process and provides onl^ linuted purification due to intrinac 

molecular or biopartidehrterogendties. (Green cra£, "Preparative purification of 
supcrcofled plasmid DNA for therapeutic appUcations,"&*o/>/rflnw, pp. 52-62 (May 
1997).) Membrane tedmologies, such as cross flow filtration, require a substantial 
shear stress to mamtam permeate flux and these levels of sheer stress are prcjudidal to 

20 the integrity of the molecules or partides and consequently to thdr bidlo^cai 

activities. O^raas er ai, "Strategies for the isolation and purification of retroviral 
vectors for gene thcrqjy " Biosqparation, 6:21 1-228 (1996).) 

Packed bed chromatogra^liy and adsorption of large molecular wdght 
molecules or partides are also haiiq)ered by the pineal characteristics of these 

25 con^Kmnds;, setting s trin ge nt liirntations in terms of operating bed capacity and 
pressure drop. 

On the one hand, these large tnologicai stmctures do not penetrate into 
das^cal gd media conunoidy used in btoseparation and, as a consequence, these large 
biolo^cal structures do not access the internal sur&ce area and pore volume;, whm 
30 the majority of the adsorptive ates are located. Therefore, the partitioning between 
mobile and liqiud phase and the binding capadty is inhnerttly limited On the other 
hand, there is no interest in producing media with pores large enough to accommodate 
these large or HMW biological structures because the intrapartide diffiasion in the 
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pores of such media would be extremely limited due to their large size. Consequently 
the mass transfer and the productivity of such media would be low. 

Therefore, chromatography and adsorption of very laiBe moleodar weight 
molecules and biopartides are hampered by a screening effect, independent of the 
mode of adsorption. If adsorption of the target HMW conqiounds occurs, it is 
restricted only to the external surfece area of soibem beads, and therefore yields low 
binding capacities. This mode of operation, known as positive adsorption, is rarely 
used due to this veiy low tnnding capadty. 

Diiea recovery of large macromolecules in the flowthnough of solid phase 
beds is known as negative soUd phase purification. HMW compounds flow through 
the column without being delayed, whfle smaller contaminants, like proteins, amino 
adds, sugars and salts. difiBise m the intrapaitide volume of the solid phase porous 
beads, where they can be ddaycd or adsorbed. TWs approach shows numerous 
drawbadcs detrimental to performance of separations. First, if separation is based on 
size cxdusion. the loading and the operational linear vdodty are very low, 
dramatically redudng the column productivity. In addition, if sq»aration is based on 
adsorption, large resm vohimes are required as all the contaminants must diffiise and 
be adsorbed into the beads. Furthermore, negathre purification processes do not ofiBsr 
any sdectivity between diflferent types of very large macromoleoiles, as they co-dute 
in the flowthrough. In particular, it is impossible to segregate plasmids fi^om genomic 
DNA and large BNA molecules using negative chromatography purification processes. 

As an intermediate case between positive and negative adsorption processes, 
the operating conditions can be set sudi that both theHMW compounds and the 
contaminants are adsorbed. Juthis situation, flowthrough ofthe target component 
(sudi as a very large macromolecule) wifl occur only after the mitiai saturation ofthe 
external surfecc ofthe beads. Sudi conditions, however, lead to a decrease in target 
component recovery. 

In addition, sohitions of HMW biopolymers (such as nuddc adds and 
polysaccharides) and biopartides tend to have a high viscosity. In turn, the high 
viscosity impairs purification of these compounds in many ways; for example: 
it reduces the diffiiavity of tiie compounds, and therefore 

ttemendoudy reduces boundary lay«- and intraparttde mass 
transfer rat^ and 
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it inweases the l^draulic resistance of a fixed bed column and 
generates large pressure drops. 
The augmentation of mass transfia^ resistance is ewremely prejudicial to the 
adsorbent capture efficiency. Longer residence times can potcntiaUy counterbalance 
5 the reduced rate of adsorption. In order to achieve such longer residence time, 

however, it vwuld be necessary to use very low linear velocity or very long cohmms. 
Both strategies are impracticable as they result in very long purificatioa cyde time and 
increased pressure drop. 

Large pressure drops generated by high viscosity samples, such as those 
10 containing BMW macromolecules, restrict the use of scmi-iigid adsorbents as these 
semi-rigid adsorbents are defimned under the mechanical strain and lead to clogging of 
the coUram. In order to reduce the pressure drop, eJrtremely low flow rates or very 
large paitide diameter could be used. However, at the prq)arative level, both 
sohrtions are unrealistic because they lead to large cyde time on the one hand, and 
15 veryiowbindingcapadlyduetotoo smaUinteractivesuiftceareaoflargebiopartides 

ontiieodierhand. 

Furthermore, soHd particles injected through a packed bed of beads are 
progressively trapped in the intrapartide spaces where they accumulate and tend to 

irreverably dog the column. 
20 Some of the problems assodated with high viscosity samples and the presence 

of paitiailates in a feed stodc can be drcumvented by using a stirred tank. However, 
the soUd andliquid mixing using stirred tank contaaors restrict the capture effidency. 

Compared to a fixed bed, the productivity of a stirred tank is reduced due to the low 
concentration of the adsorbent in the contactor. Moreover, semi-open systems, sudi 

25 as stirred tanks, are difficult to dean, sanitize and automate. 

Huidized bed contactors are also an alternative means fi)r processii^g high 
viscosity samples and samples containing insoluble partides. (See. e.g.. Buys and 
Wessdingh, "Batch Fluidized ion-exdumge column for stream containing suspended 
partides," J. Chrom., 201:319-327 (1980); Chase "Purification of proteins by 

30 adsorption diromatography in expanded beds," Tibtec, 12:296-303 (1994); Somers e( 
aL, "Isolation and purification of cndo-polygalacturonase by affinity chromatography 
inafluidizedbed reaaor," Chem. Eng. 7-. 40: B7-B19 (1989); and Wdls etaL, 
"Uquid fluidized bed adsorption in biochemical recovery &om biological suspensions," 
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Separation for Biotechnology, U. VeraU, ed., Ellis Harwood, Chicestcr. pp. 217-224 
(1987).) However, the media or adsorbents conimerdalfy available at present are 
inadequate for the purification of HMW molecules and partides. {See US Pat. No. 
5,522,993 and European patents EP 0 538 350 Bl, EP 0 607 998 BI.) The internal 
5 porosity of these media or adsorbents is inaccessible for voy large sohites, and their 
laige partide diameter undesirably dea^es the eotanal surface area. As a result, 
these media prwide only limited capacity for the purification ofHMW molecules and 
partides. 

Huid bed sq)aration processes are attractive for the recovery of bioproducts as 

10 they achieve lower operational pressures than a packed bed and are resistant to fouling 
by particulates and suspended materials in tiie feed stodc Huidizcd-bed technology 
has been successfiilly employed as early as 1958 for the recovery of small molecules, 
sudi as antibiotics. (See Bartds ei al, "A novel ion exchange mediod for tiie isolation 
of streptomydn," Chem. Eng. Prog., 54(8):49-51 (1958); Belter etoL, "Development 

15 of a recovery process for novobiodn," BiotechnoLBioeng., 15:533-549 (1973).) 
More recently, tiiis technology has been appUed for Uie recovery of larger molecular 
weight molecules, sudi as proteins, &om undarified feed stocks. (See. A. Bascoul, 
Tluidisation liquide-soUde. Etude hydrodynamique et extraction des proteines.," 
These d'etat, Universite Paul Sabatier, Toulouse, France (1989); B. Biscans, 

20 "Chromatogtaphie d'echange dlons en couche fluidisee. Extraction des proteines du 
lactoseium," These de docteur ingenieur, Ihstitut national polytecfanique de Toulouse, 
Toulouse, France (1985); Biscans et al, Entropie, 125/126: 27-34 (1985); Biscans et 
aL, Entropie, 12SA26 : 17-26 (1985); Draegcr and Chase, liquid fluidized bed 
adsorption of protein in tfie presence oto^'C Bios^xmxtion, 2: 67-80 (1991);. 

25 Draeger and Chas^ "Liquid fluidized beds for protdn purification," Trans IChemE, 
©(part C): 45-53 (1991); J. van der Weil,''Continuous recovery of bioproducts by 
adsorption," PHD TTiesis, Delft Uidvecsity, Delft (1989); and Wdls et al., "Uquid 
fluitUKd bed adsorption in biochenucal recovery from biolo^cal suspensions." 
SeparationforBiotedmology, M. Verall, ed., Ellis Harwood, CKcester, pp. 217-224 

30 (1987).) 

US Pat. No. 4,976,865 describes a ractiiod and a cohimn for fkudized bed 
diromatograpluc separation of samples containing molecules which have a taidcncy 
towards autodenaturation, induding biopolymers of medmm molecular wdght, such a 
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proteins, enzymes, toxins and antibodies. This method assumes that any suspMided 
material in the sample or feed stock is removed during loading and washing, vMc the 
molecules of intwst diflRisc inside the adsorbent loaded in the column. However, the 
operational binding capadty of the procedure and materials describe in US Pat. 
5 No. 4,976,865 are inadequate for the biopurification of HMW molecules and 
biopartides. 

US Pat No. 5,522,993 and European patents EP 0 538 350 B I, EP 0 607 998 
Bl, describe spedal polymeric resin media, especially agarose, having smaU partides 
of dense materials wthin the media, and their use in fluidized beds. The dense material 

10 desCTibed for use trapped within the polymeric resin media mdude ^ss, ^ 
silica. However, despite the gain in density of this media due to the preseij of the 
small partides of dense material, the density is still relatively low, and thus in order to 
achieve a stabilized fluidized bed, large bead diameter is required to compensate for 
the low denshy differaitial between the liquid and solid phases, European patents 

15 EP 0 538 350 B 1, EP 0 607 998 Bl also describe beads whidi consist of a porous 
conglomerate ofpolymericmaterid and density controlling parddesA^ The 
beads described in these three patents are inadequate for the isolation of HMW 
molecules and biopartides as the low density and the large partide size of these beads 
are not condudve to separation of HMW macromolecules and biopartides. 

20 Summary of the Invention 

The present invention provides new dense mineral oxide solid supports or 
microbeads which exhibit high density, low poroshy, high external sur&ce area and 
high binding cqjadty. The small dense mineral o>dde solid supports or microbeads of 
the present invention may be used in various solid phase adsorption and 

25 chromatography methods induding packed bed and fluicKzed bed methods, and are 
particulariy usefiil in fluidized bed devices and allow higher linear velodties to be used 
in such fluidized bed devices. These solid supports or microbeads are particulariy 
suited for s^arating or isolating large biological molecules, such as biopartides and 
high molecule wdght macromolecules, espedally in fluidized bed or expanded bed 

30 mediods. 

Accordingly, one object of the present invention concerns dense mineral oxide 
solid supports or miCTobeads compriang a) a mineral 05dde matrix having a pore 
volume vAdch is less than 30% of the total volume of the mineral oxide matrix, and b) 
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an interactive polymCT netwoik which is rooted in pores of the mineral oxide matrix. 
The dense mineral oxide soHd supports or microbeads of the present invention have 
densities of about 1.7 to 1 1, and preferably from about 2.1 to about 10, and partide 
sizes within the range of about 5 Mm to 500 mn, and preferably in the range of about 
10 (junto 100 |im. 

The mineral oxide matrix may comprise partides of one nuncral oxide, or any 
combination of two or more mmeial oxides. Preferably, the mineral oxide matrix is 
comprised of partides of very dense nrineral omdes, such as tilania, arconia, yttiia, 
ceiia,hafcia,tantalia, and the like, or matures thereof The partide size of the mineral 
oxide starting materials may be varied depending on the surfecc characteristics desired, 
and typically for rdativdy smooth mmeral oxide matrix surfaces, partide azes in the 
range of about 0.1 jim to 3 |mi are used, and for rougher min«al oxide matrix 
sur&ces, partide azes in the range of about 3 pm to 15 |mi are used. 

The interactive polyroer networic may comprise copolymerized monomers, 
bifimctional monomers, or combinations thereof or crosslinked synthetic linear 
polymers, natural organic polymers, or combuiations thereof and the components used 
to form the interacting polymer networic are sdected in order to confer a 
predetermined property or properties to the resulting polymer networic The 
imeracting polymer networic components may be sdected such that the resulting 
polymer networic has afiRnhy for a desired target molecule, or such that the resuhing 
polymer networic has a predetermined property or properties which allow the polymer 
networic to be subsequently fonctionalized or derivatized to have afBniiy fer a desired 
target molecule uang techrnques wdl known to the skilled artisan. 

Another objea of the present invention concerns use of flie novd dense mineral 
oxide solid supports or microbeads described herein in soUd phase adsorption and 
chromatography methods. Accordingly, the present invention also rdates to a method 
for separating a desired biological molecule from a sample containmg the same 
conq)riang loading a chromatography device with a chromatography bed comprised of 
dense mineral ojdde soEd supports or microbeads compriang a) a mineral oMde matrix 
having a pore voUmie which is less than 30% of the total vohmie of the mineral oxide 
matrix, and b) an interactive polymer networic which is rooted in pores of the mineral 
oxide matrix, feeding the sample contairing said desired biological molecule into the 
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diromatography device, disdvar^uig undesired componeats and impurities of the 
sample from the chromatography device, releasing the desired biological molecule 
from the dense nuncral oride solid supports and dutmg the desired biological molecule 
from the chromatography device. The interactive polymer network of the dense 

5 mineral oxide solid supports used m this method is prepared such that it has aflSnhy &>r 
the deared biological molecule, or the mteractivc polymer nctworic nuQr be 
fonctionalized or derivatized to have aflSnity for the desired biological molecule. In 
addition, vfhm Ae sample is fed mto the diromatograqphy dewce, the desired biolo^cal 
molecule is adsorbed to the dense mineral oxide solid siq)ports or nricrobeads. 

10 Yet anoth^^ object of the present mvention concerns a fluid bed m^od for 

chromatographicalty separating a desired biological molecule from a sample containing 
the same comprising providing a fluid bed reactor or column with a diromatography 
bed comprised of dense mineral oxide solid supports comprising i) a mineral oxide 
matrix having a pore volume which is less than 30% of the total volume of the mineral 

15 oxide matrix, and ii) an interactive polymer network which is rooted m pores of the 
mineral oxide matrix, creating a fluidized bed of said dense mineral oxide solid 
supports in said fluid bed reactor or cohmm, feeding the sairq)le containing said desired 
biological molecule into the fluid bed reactor or column under conditions which 
maintain the dense mineral oxide solid supports in the fluidized bed, discharging 

20 undesired components and impurities of the sample from the fluid bed reactor or 
column, and efiEectmg the release of the desired biological molecule from the dense 
mmeral oxide solid supports and dating the desired bioloff cal molecule from the fluid 
bed reactor or column. The intwactive polymw n^ork of the dense mineral oxide 
solid supports used in this method is prepared such that it has afBniiy for the desired 

25 biolopcal molecule, or the interactive polymer network may be fimctionalized or 

derivatized to have aflSnity for the desired biological molecule. In addition, when the 
sample is fed into the fluid bed reactor or cohmin, the desired biolo^cal molecule is 
adsorbed or attached to the dense mineral oxide solid supports or microbeads. 

These and other objects of the present invention will become apparent to those 

30 skilled in the art from a reading of the instant disclosure. 
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Detailed Descripti n of the Invention 
Qasdcal chromatography media and thdr methods of use are inadequate for 
the purification of HMW maraomolecules and laige molecular oitities. The present 
invention provides adsorbents (also referred to herein as "solid supports" or 

5 "microbeads" ) having a smaU paitide diameter and high density whidi provide large 
bindmg c^ad^ forHNfW compounds and can be operated in alow i«BSSure drop, 
high throu^Jput fluid bed process. Furthermore, the microbeads of the present 
invention can be modified by fimctionalized polymers or monomers enabling the 
exploitation of high sdectivi^ separation. 

10 According to the present mvention very large or HMW macromolecules or 

biopartides can be separated using solid partides of small diameter and very high 
density. These partides are designed to be used in suspension, and in particular, in 
fluid bed modes. Unlike padced bed columns, fluidized bed contactors eriubit low 
hydraulic resistance and are not impeded by pressure drop Kmhation or fouling. 

15 Existing typical fluid bed partides indude porous gd materials ha\nng partide 

diameters of ^ically 100-300 jun and mean partide density of about i .2 g/ml. {See 
Batt et aL, "Expanded bed adsorption process for protein recovery fiom whole 
mammalian cell culture broth," Bioseparation, 5: 41-52 (1995).) These materials are 
not suited for the separation of vciy large or HMW macromolecules and biopartides 

20 as these components do not difRise within the pores or gd networic of the media and 
adsorb only on the external surface area of the media. Due to the large diameter of 
existing fluidized-bed gd partides. the extemal suifece area of a given amount of bead 
vohune yidds only a modest value, and as a result the binding capacity is very small. 
Mofwvcr, gd-type materials offer only UmHed density, typically within I.l to 1.3 

25 g/cm*. These low densWes set stringent linutations in terms ofoperatingvdodty that 

linut the productivity of the column. 

Rather than Mlargjng the por« volume aUowing the HMW macromolecules or 
partides to difRise, according to present invention the partide size of the beads are 
decreased and the surfece area is increased due to the diminution of the average 
30 particle tfamrter. The surfiice area per unit vohune ofa bed of spherical partides 
varies proportionally with the inverse of the particle diametCT. Therrfore, by 
dcCTcaang the partide nze, the surface area of media is advantageously inCTeased, 
thereby increasing the binding capadty for a ^ven molecule. 

-8- 
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10 



However, y/hea dealing with a fluid bed, the usefulness of small diameter gd- 
based beads is limited by the tenninal velocity of the solid material. The particle 
tenninal velocity, i.e., the velochy at which the beads are ejetted from the cohimn by 
an upward liquid flow, depends on the square of die particle diameter times the density 
differential between soHd and liquid phases. For smaU and light beads the particle 
tenninal velocity is so low that operation in fluid bed mode would require an 
unrealistically smaU operating velocity in order to keep the beads from leaving the 
cohmm. That is, small gd based paitides, whidi have low dcnshies. would be qected 
from the column or contactor even at modest fluidization vdodties, e.g., less than 
about 50 cm/hour. Therefore, large bead diameters must be used with these beads to 
compensate for the low density differential between the liquid and the soUd phases; 
however, large partide diameters resuk in lower binding capadty for the media. 

This problem is overcome according to the present invention by using smaU 
diameter paitides made using novd soUd materials whidi exhibit a very high density 
15 that permits fluidization of these small diameter partides or microbeads even at 

elevated vdodties. Thus, in the solid supports or microbeads according to the present 
invention, high external surfece area, and consequenUy high binding capadty, resulting 
from small particle diameter is combined with a high bead or particle soUd density 
which allows rapid process vdodties to be used in methods using these solid supports 
20 or microbeads according to tfie present invention. 

The solid support materials or adsorbents of the present invention are made 
uang veiy dense mineral oxides such as titania, arconia, yttria, ceria, hafiiia, and 
tantalia, or mixtures thereof UnHce dassic porous mmeral oxide based materials for 
chromatographic application, the soUd support materials or adsorbents of the present 
25 invention have low pore vohime so that the apparent density of the materials is a large 
fyu:don of the intrinsic material density. Tn the solid support materials or adsoibents 
of the present invention, the pore volume is lower than about 30 % of total bead 
vohmie, and preferably the pore volume is 5% to 25%, and more preferably 5% to 
15%, of the total volume of the bead vohmie. The pore volume of the sofid support 
30 materials or adsoibents can be modulated by adequate tempwature treatment. 

In the soUd support materials or adsoibrats of the present uwention, the pore 
vohime is left just large enough to allow potymers to be rooted in the pores, and these 
rooted polymers layer on tiie external surface of the beads where the interaction with 
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the macromolccules occurs. The resulting layer of polymers, or interactive polymer 
network; is stable and remains in place. The mtcraction of the desired molecules 
occurs on the external sur&ce area of the beads due to the rooted poljinm. 

Mineral oxide matrices or microbeads for use m the present invention are 

5 pi^ared by methods vMdi allow condensing of small partides of mineral oxide or 
condensing of salt soluble molecules of heavy elements. A variety of techniques 
known to the skilled artisan, such as emuldon/suspension techniques, spray-drying, or 
sol-gel methods (as described, for example, mU.S. Pat No. 5,015,373), may be used 
to eflfect the agglomeration of the composidons described in the present invenrion. 

10 In genial, micropartides of a mineral oxide (e.^., titaiua powder or zirconia 

powder, or the like) havmg a diameter in the range of 0. 1 jim to 15 are suspended 
in a water solution containing soluble sodium alicate at alkaline pB^ and the solution is 
poured into an oil bath under stirring to obtain a suspension of droplets that contain 
micropartides of the mineral oxide. Once the oil suspension is addified with an 

15 organic add, sodium silicate forms a gd (the liquid droplet is turned into a gd partide) 
that entraps the solid micropartides of dense mineral oxide. These gelified microbeads 
are then separated from the oil using wdUknown physical means and are dried at about 
80**C- 200^*0. The gd hardening process allows the conglomerate of small particles to 
stabilize. Moreover, an inter small partide porosity or intra-bead porosity appears due 

20 to the reduction of the gd volume. At this stage, the pore volume is between about 
30% to 70% of the bead volume. 

The resulting beaded porous rmnttal oxide partides are then fired at a high 
temperature e.g., in the range of about 900*C to 1500**C, and preferabty between 
about lOOO^^C to 1400**C, for a period of about 1 to 12 hours so a$ to mdt the 

25 subraicropartides together and reduce the particle diameter and reduce the pore 

volume to less than about 30%. The firing temperatures and times are dependent on 
the nature of the mineral oxide(s) used as the starting material, and can be readily 
detenruned by the skilled artisan. 

The dried low porosity mineral oxide partides are then impregnated with a 

30 solution of fimctionalized monomers or polymers and crosslinkers by adding the dried 
low porosity mineral partides to a monomer solution, wh^ein the amount of the 
monomer solution is in excess the pore volume of the porous mineral material, 
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preferably by about 5% to 10%, and starting the polymerization. The polymerization 
of the oisanic products is acconq)lished by means of chemical inducers^ inchiding but 
not linuted to well known chMiicai catalysts associated or not to plqrsical inducers, 
such as intense UV light or any other form of irradiation such as gamma irradiation or 

5 microwaves. Tenq)crature may also be used to induce CTOsslinkmg or 

copolymerization of the monomer solution. A desired fonctionalization of the 
polymers is obtained by sdecting the appropriate monomers before polymerization, or 
by classical chemical reactions on the organic layer afte* polymaization. 

As an Gcample, according to the present invoition, hafiiia min«al oxide 

10 matrices or microbeads may be made by various means known in the art that generally 
yidd materials having a pore volume of between 30 to 70% of the total bead vohraie. 
Thereafter, the resulting hafiiia beads are fired at 1200 to 1400**C for about 2 to 4 
hours m order to collapse the pore volume and mcrease the spedfic density of the 
beads. As a result, the initial pore volume of about 30% to 70% is decreased to about 

15 10% to 20%. 

After firing the base mineral oxide soHd support materials or mineral oxide 
matrices, a solution contaimng a mixture of monomers, which include an appropriate 
ligand or appropriate linker, is injected in the pore volume of the resulting low pore 
volume hafiiia beads and is copolymerizcd in the presence of crosslinkers. The 

20 impregnation vohimeoftiie monomer solution should be a litde higher, e.^r., l%to 
10% higher, and preferably 5% to 10% higha, than tiie pore volume of tiie beads sudi 
that the fimctionalized polymer is anchored or rooted in the uitemal poro^ and is 
also present, as a thmlayer, on the external surfece of the dense solid support 
materials or microbeads. 

25 Solid supports or adsorbents made in accordance witii the present invention 

may then be separated, washed and used in various chromatographic techniques, and 
in particular, the small, dense solid supports or mio-obeads can be used in fluid bed 
devices in order to process and separate biological molecules or bioparticles of 
interest, induding very large macromolecules and biopartides. 

30 The interacting polymer networked with the mineral oxide matrix of small, 

dense solid supports or microbeads of the present invention may comprise 
hydrophobic or hydrophilic polymers or both. The polymeric structures can be 
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obtained by polymeriaadon of monomers under spcdfied conditions or can be the 
result of crosslinking linear soluble polym^. 

In the case where monomers are copolymerized on the surface of the mineral 
oxide partides or beads wth some rooting inade the pores, the initial impregnating 
5 solutions can be composed of monomers from diflGsrent families, such as acrjiic 
monomers, vii^ compounds, and allyl monomers, or a nuxture thereof Typical 
monomers for use in the presait invention, indude but are not Bnuted to, the 
folloiKing: 

- Aliphatic ionic, non-ionic and reactive derivatives of aojdic, methacrylic, vinyHc and 
10 allylic compounds such as, but not limited to, acr^amide, dimeth)dacrylanude, 
trisacryl, acrylic add, acrjdoylglydne, dietltylaminoetfaylmethacrylamide, 
vinylpyrroKdone, vinyisulfonic add, aflylamine, allylglycydylether, or derivatives 
thereof and the like; 

- Aromatic ionic, non-iomc and reactive derivatives of aoylic, methacrylic, 
15 vinyfic and allylic compounds, such as, but not limited to, vinyltoluene, 

pheiQrlpropjiacrjdamide, triraethylannnophenylbutj^mediacrylate, tritylacrylamide, or 
derivatives thereoi^ and die like; 

- Heterocydic ionic, non-ionic and reactive derivatives of acrylic, metiiacrylic, 
vinylic and allylic conywunds, such as, but not limited to, vins^imidazole, 

20 viiqdpynolidone, acryloylmorpholine, or derivatives thereof and the like. 

Bifuncrional monomers may also be used in forming the interactive polymer 
netv^ork of the solid supports or microbeads of the present invention in order to 
increase the stability of the gd structures. Bifimctional monomers suitable for use m 
the present invention are those contaimng double polymerizable fonctions, aidi as two 

25 acrylic groups, that react wrth other monomers during the process of forming the 
interactive polymer network strucnire. More spedfically, monomers i?diich m^ be 
used in forming the interactmg polymer network of the solid support materials or 
microbeads of the present tnvration indude, but are not limited to, the following: 

- Bisacryhunides, such as, but not limited to, methylene-bis-acrylamide, 

30 ethylene-bis-acrylamide, hcxamrthydaie-bis-acrylamide, glyoxal-bis-acrylamide, and 
the like; 
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- Bis-methaci^amides, such as, but not limited to, methjdene-bis- 
methacrylainide, ethylene-bis-mcthactylainide, hexamcthylcne-bis-methaaylaniide, and 
the like; 

_ Bis-aoylates, sudi as, but not limited to, diethylglycoldiacrylate, 
diethylglycolmethacrylate. ethyleneglycoldiaMylate, ethyieoeglycoldimethaciyiate, and 
the like; 

- Ethyioiegfycol-mcthacyletes, and the Hke; and 

- DiaQ^tartiadiamide. 

The monomers, bifimctional monomers, or combhiations thereof sdeaed to 
form the interactive polymer nrtwork of the solid supports or microbeads of the 
present invention confer a predetemuned property or properties to the resulting 
polymer network. A polymerized or crosslinked gel network rooted in the pores is 
formed and layered over the surfece of the beads. Properties which are of primary 
interest for the solid support materials or compoations of the present invention 
include, but are not limited to, ion exchange effects, hydrophobic association, reverse 
phase interaction, biospedfic recognition, and all intermediates of such, or 
combmatioits of two or more of these properties 

Soluble organic potymers, sudx as linear polymers from synthetic or natural 
sources, may also be used to fill the pore volume and coat Ae external surfece area of 
the mineral ojdde dense beads of the present invention. The synthetic and natural 
soluble polymers are crosslinked in place (on the surfece and mside the pore structure 
of the mineral oxide beads or particles) by classical chemical and physical mea^js, eg., 
by chemical bifunctional crossKnkers, such as but not limited to, biscpoxy reagents, 
bisaldehydes, and the like. After such polymers are crossiinked, a stable gd network is 
formed which is anchored or rooted in tiic pores and hyered on tiie surfece of the 
mineral oxide matrix of the solid supports or microbeads of the present invention. 

Crosslinkmg agents useful in the present invention include viiiyl monomers 
having at least one otiier polymerizable group, such as a double bound, a triple bond, 
an allylic group, an ^oxide, an azetidine, or a strained carboqrcfic ring. Preferred 
crosslmking agents include, but are not limited to, N,N'-methylene-bis-(acrylamide), 
N;N'-methylene-bis-(meaiacrylamide). diallyl tartradiamide, aUyl methacrylate, diallyi 
amine, diallyl etiier, diallyl carbonate, divinyl ether, 1,4-butancdioldivinyletiier, 
polyethyleneglycol divinyl ether, and I,3-diallyloxy-2-propanol. 
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Synthetic linear polymers which may be used in the present invention indude, 
but are not Emited to, potyethjdenrimines, polyvinyl alcohol, polyvinylamines, 
polyvinyipyrrolidone. polyethyleneglycols, polyaminoadds, nucleic adds, and their 
dOTvatives. Natural soluble polymeric molecules vMdx may be used in the present 

5 invention include, but are not limited to, potysacdiarides, such as agarose, dextran, 
cdlulose, diitosans, glucosanunoglycans and their derivatives, and micleic adds. 

The small, dense minOTl owde solid supports or microbeads of the presait 
invCTtion may be used advantageously in various djromatography methods x^di may 
be carried out in a fluidized bed mode, a packed bed mode, or other modes of 

10 operation. The solid supports or nuCTobeads of the present invention arc particulariy 
useful in methods for separating or isolating a desired molecule or biopartide of 
interest from a aude sample with a flddized bed mode of operatioxL 

Methods for separating or purifying desired macromolecules or taiget 
molecules of interest from a sanq)le typically involve at least two steps. The first stq) 

15 is to diarge a chromatography device, such as a packed or fluidized bed cotamn, 
containing the min^ oxide solid supports or microbeads of the present invention 
with a sohition containing a mfacture of biomolecoles, at least one of wWch is the target 
molecule of interest The second stqi is to pass an duent solution or dution buffer 
through said chromatography device to eflfert the rdease of the target molecule of 

20 interest from the solid supports or microbeads and the diromatography device, thereby 
causbg the separation of the target molecule from the sample. 

"Stepwise** dution can be effected, for example, wiA a change in solvent 
content, salt content or pH of the du^ sohition or dution buffer. Altemativefy, 
gradient dution techniques wdl known in the art can be employed Elution buffers or 

25 duent solutions suitable fi>r use m the present faivention are wdl known to those of 
ordinary sldll in the art For example^ a diarige in ionic strength, pH or solvent 
composition may effect rdease of a molecule v/bich is bound to a solid phase support. 
Elution buffers or duent sohitions may con^jrise a salt gradient, a pH gradient or any 
particular solveit or solvent mixture that is spedfically usefiil in displacing a desired 

30 macromolecule or target molecule of interest. 

For methods of separatmg or isolating a desired macromolecule in flmdized bed 
de>dces, the small, dense solid support materials or microbeads of the present mvcntion 
fimctionalized with an interactive polymer network having an affinity for the desired 



-14- 



wo 99/51316 



PCT/US99/07480 



macTomoIecule are loaded into a fluid bed device, and a sample or a feed stock 
containing the desired macromolecule to be separated is fed into the fluid bed device. 
The sample or feed stock flows through the fluid bed device in an upward direction so 
as to lift the solid support materials or mioobeads with limited pressure drop* The 
S desired maoomolecules are in such a way adsorbed on the sur&ce of small dense solid 
support materials or microbeads due to the fimctionality(ies) carried by the interactive 
polymer network of the beads, and thus impurities are separated by the continuous 
upward flow. Washing in the same direction is followed and adsorbed 
macromolecules are desotbed by pas^ng an eluent solution or elution buffer through 

10 the fluid bed device to effect separation of the dedred macromolecule as a result of 
physicochemical changes, such as pH dianges, ionic strength adaptation, or solvent 
compo^tion, and other means wdl known to the skilled artisan. 

Once the separation is completed, the solid supports or microbeads are washed 
extensively to eliminate all very tightly adsorbed biolopcal materials, and 

15 reequilibrated in the appropriate solution so that another s^aration cycle can be 
initiated. 

The methods of the present invention are efiSscttve to isolate or sq)arate a 
broad range of large biological molecules, including protdns (such as tl^oglobulin, 
oe2 macroglobulin, antibodies of IgG and IgM classes, and the like), carbohydrates 

20 (sudi as I^aluronic add), bioparticles (such as viruses, viral veaors, membrane 

proteins, cellular structures, and the like), and nucleic adds (such as plasmids, DNA, 
KNfA, large oligonudeotides, and the like). The solid supports or microbeads of the 
present invention are paniculariy usefiil in methods for separating or isolating high 
molecular wdgfat macromolecules, such as nuddc adds, plasmids, polysacdiarides, 

25 protdn aggregates, and biopartides such as viruses, viral vectors, membrane proteins 
and cdlular structures. Such methods are preferably poformed in the fluidized bed 
mode of operation. 

The main advantages of the small, dense solid support materials or microbeads 
of the present invention for use in the capture of high molecular wdgbt 
30 macromolecules and biolo^cal particles are as follows: 

a) the low partide size yields a high external surfece area and consequentiy an 
increased binding capacity compared to traditional large porous gd based media; 
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b) hi^ external surfece area binding allows for minimizing pore volume and 
maximizing the bead dendt^ 

c) very dense beads allow high linear process velocities to be used in fluidized bed 
contaaors or dcwces and low operating pressure even in the presence of viscous 
material, such as sanqjles containing large maCTomoIecules and biopaitides; 

d) very rapid mass transfer is possible due to the absence of intraparticle diffiiaon, 
i.e., using the extmial surface area as the adsorption-duting mechanisra, the final 
collected volume is smaller than firom coxrvendonal fixed or fluid bed 
tedmologies wth existing porous materials, and thus the adsorption/dution 
Idnedcs are vciy rapid and adsorption can be perlfonned at veiy low residence 
time with n^gible loss of the targ^ molecule in the eflBuent; 

c) adsoiption of contaminants is reduced compared to traditional porous gd 
media, because the adsorption surface is confined to a small external layer and 
docs not indude the intrapartide volume; 

f) separation between different types of very latge macromolecules is posable by 
adjusting the dution conditions. 

Posable variations on the dcagn of the small, dense mineral oxide solid support 
materials or microbeads of the present invention indude, but are not limited to, 
changing the shape of external surfece area of the materials , changing the composition 
of mineral oxides in the materials, and changing the composition of tfie interactive 
polymer networic that is rooted in the mineral oxide matrix or base materials of the 
small, dense solid support materials or miCTobcads of the present invention. In 
addition, the surfece of the minOTi oxide solid phase or base material, vdiere 
substantially all the macromolecules interact, can be smooth, or rough in order to 
increase the suifece area, as shown in the examples bdow. 

Ihe invention is fimher defined by reference to the following examples that 
describe in detail the prq)aration of the small, dense soUd supports or microbeads of 
the present invenrion and methods of using the same. It will be apparent to those 
skilled in the art that many modifications, both to materials and methods, may be 
practiced without departing firom the purpose and scope of this invention. 
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Erflmple 1: 

Preparatioa of collapsed porous sOica microbeads 
with enhanced density by emulsion condensation 

30 grams of dry solid irregular sflicon oxide (having partide sizes in the range 
5 of }im) were dispersed under stirring in IS ml of a concentrated 35% sodhun 
silicate solution and then diluted with 20 ml of distilled water and 9 ml of acetic acid. 
The resulting homogeneous suspenrfon was slowly poured into an agitated parafiSn oil 
bath contauung 2% of sorbitan sesquioleaie and dispersed as small droplets. 

The suspension was stirred for 1 hour at ambient tenq)erature, and then heated 

10 at85**CforIhour. 

Dispersed liquid droplets containing silicon oxide particles were thus turned 
into gdled beads. The resulting gelled beads had an average diameter of 50 pm and 
comprised a silica hydrogd having trapped within its network solid microparticles of 
pre-formed soHd sflicon oxide. The gelled beads were recovered by filtration, washed 

15 and dried at 80**C under wr stream for 16 hours. During the drying, the hydrogd was 
progressively dehydrated and aaed to bind the solid silicon oxide microparticles. The 
pore volume of resulting beads was about 1/3 of the bead volume. The beads were 
then fired at 1 100 for 2 hours. As a result of this firing, the bead sub-particles 
were partially mdted and fiised to each other thereby reducing the pore volume. After 

20 tKs treatment the final void pore volume represented about 10% of the whole bead 
volume. Tbe density of the dry beads was about 2.1 g/cm^- 

The diameter of the bead and the distribution of the diameters are controlled by 
the mechanical ag^tion of the paraffin oil bath and the amount of sur&ctant used. 
Other means of eraulsifications can be used to control the bead diameter. 

25 The resulting dense solid support materials or microbeads may be subsequently 

coated or filled with an interacting polymer network comprised of various organic 
polym^ in order to confer spedfic biomolecule adsorption properties to the solid 
support materials or microbeads. 

Example 2: 

30 Preparation of zircon (zirconium silicide) 

microbeads with reduced pore volume 

Microbeads were prepared as described in Example 1 except that alicon oxide 

solid irregular microparrides were replaced by zircon fine powder (having particle 

-17- 



wo 99/51316 



PCT/US99/07480 



sizes in the range of O.l- 5 fim). The dried microbeads obtained with this 
methodology were then fired at 1400^C fiar 4 hours to reduce the initial pore volume 
(about 1/3 of bead volume) to about 10% of bead volume. 

The density shown by these beads was about 4.2 g/an^. 
5 The resulting dense solid support materials or microbeads may be subsequentfy 

coated or filled with an interacting polymer network comprised of various organic 
polymers in order to confer specific Womolecule adsorption properties to the solid 
support matoials or mioobeads. 

10 Preparation of titania (titanium oxide) 

microbeads with reduced pore volume 

Microbeads were prepzred as described in Example 1 except that silicon oxide 
solid irregular miaopartides were replaced by titanium oxide fine powder (having 
partide sizes mthe range of 0.1- 10|im). The resulting dried microbeads were then 
15 fired at 1200 for 4 hours to reduce the iiutial pore volume (about 1/3 of bead 
volume) to about 15% of bead vohmie. 

The density shown by these beads was about 3.5 g/cm'. 
The resulting dense solid support materials or microbeads may be subsequently 
coaled or filled with an mteracting polyraw n^oric comprised of various organic 
20 polymers in order to confer specific biomolecule adsorption prop^ties to the solid 
support materials or ndcrobeads. 

Example 4; 

Preparation of hafnia (hafnium oxide) 
microbeads with reduced pore volume 

25 Microbeads are prepared as described in Example 2 except that zircon fine 

powder is rqplaced by hafiiium oxide fine powder. The dried microbeads obtained are 
then fired at MOO^^C for 4 hours to reduce the iiutial pore volume (about 1/3 of bead 
volume) to about 10% of bead volume. 

The density shown by diese beads is about 8.5 g/cm^. 

30 The resulting dense solid support materials or microbeads may be subsequently 

coated or filled with an interacting polymer network comprised of various organic 
polymers in rder to confer spedfic biomolecule adsorption properties to the solid 
support materials or microbeads. 
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Example St 

Preparation f tantalum oxide 
microbeads with reduced pore volume 

Microbeads are prepared as desOTibed in ExampLe 2 except that zircon fine 

5 powder is rq)laced by tantalum oxide fine powder. The dried microbeads obtained are 

then fired at 1400X for 4 hours to reduce the initial pore volume (about 1/3 of bead 

volume) to about 10% of bead vohune. 

The denafty shown by these beads is about 7.2 g/cm^. 

The resulting dense solid support materials or microbeads may be subsequffltly 

10 coated or filled with an interacting polymer network comprised of various organic 

polymm in order to confer spedfic biomolecule adsorption properties to the solid 

support materials or microbeads. 

Example 6: 

Preparation of zirconium oxide 
15 microbeads with reduced pore volume 

Microbeads were pr^ared as described in Example 2 except that zircon fine 
powder was r^laced by zirconium 03dde fine powder (havmg partide azes in the 
range of 0. 1- 3 {im). The resulting dried microbeads were then fired at HOO'^C for 4 
hours to reduce the imtial pore volume (about 1/3 of bead volume) to about 12% of 
20 bead volume. 

The density shown by these beads was about 5 .2 g/cm^. 

The resulting dense solid support materials or microbeads may be subsequently 
coated or filled with an interacting polymer network conq>rised of various organic 
polymers in order to confer spedfic biomolecule adsorption properties to the solid 
25 support materials or microbeads. 

Example?; 

Preparation of yttria (yttrium oxide) 
microbeads with reduced pore volume 

Microbeads were prepared as desoibed in Example 2 except tliat zircon 
30 powdCT was replaced by yttrium oxide fine powder (0. 1- 3 fim). The dried microbeads 
obtained were then fired at 1400**C for 4 hours to reduce the imtial pore volume 
(about 1/3 of bead volume) to about 20% of bead volume. 

The density shown by these beads was about 4.5 g/cm^. 
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The resulting dense solid support materials or microbeads may be subsequently 
coated or filled with an uitoacting polymer network comprised of various organic 
polymers in order to confer specific biomolccule adsorption properties to the solid 
support materials or miorobeads. 
5 Eiample 8: 

Prq>aratioa of alumina (alumiaam oxide) 
microbeads with reduced pore volume 

Microbeads are pr^ared as described on Example 1 except that silicon oxide 
soUdirr^ularmicropartides are replaced by alummum oxide fine powder. The 
10 resulting dried microbeads are then fired at 1400X for 4 hours to reduce the initial 
pore volume (about 1/3 of bead vohmie) to about 20% of bead volume. 
The density shown by these beads is about 3.5 g^cm^. 
The resulting dense solid support materials or miCTObeads may be subsequently 
coated or filled with an interacting polymer network comprised of various organic 
15 polymers in order to confer sped&c biomolecule adsorption properties to die solid 
support materials or microbeads. 

Example 9: 

Preparation of highly dense microbeads with reduced 
pore volume composed of a mixture of tantalia and zirconia 

20 KCcrobeads are prepared as described in Example 2 except tfiat zircon fine 

powder is replaced by a 50%/50% mbcture in wdght of fine powders of tantalum 

oxide and arconium oxide. The dried microbeads obtained are then fired at 1400^C 

for 4 hours to reduce the initial pore volume (about 1/3 of bead volume) to about 15% 

of bead volume. 

25 The density shown by these beads is about 6.2 g/cm'. 

The resulting dense solid support materials or nucrobeads may be subsequentiy 
coated or filled with an interacting polymer network comprised of various organic 
polymers in order to confer specific biomolecule adsorption properties to the solid 
support materials or microbeads. 
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Eacample 10: 

Preparation of highly dense microbeads with reduced 
pore volume composed of a mixture of ztrconta and hafnia 

Microbeads are prepared as desaibed in Example 9 except that the 
composition of the mbcture of fine powders in weight is 50% arconiuni oxide and 
50% hafiuum oxide fine powders. The dried miaobeads obtained are ih^ fired at 
1400**C for 4 hours to reduce the initial pore volume (about 1/3 of bead volume) to 
about 25% of bead vohune. 

The denaty shown by these beads is about 7 g/cm^. 

The resulting dense solid support materials or mio-obcads may be subsequendy 
coated or filled with an interacting polymer network comprised of various organic 
polyma^ in order to confer spedfic biomoleculc adsorption properties to the solid 
support materials or microbeads. 

Example 11: 

Prqiaratxon of collapsed porous 
mineral oxides microbeads by spray drying 

The mineral oxide microparticles in suspMsion in a solution of sodium silicate 
as described above in Examples 1 to 10 above are used directly fiar the preparation of 
microbeads by spray drying. The suspension is injected into a vertical drying chamber 
through an atonrizadon device, such as a revolving disk, a spray nozzle or an 
ultrasonic n^ulizer, tog^er wth an hot gas stream, preferably air or nitrogen. The 
hot gas stream causes the rapid evaporation of water from the nricrodroplcts. The hot 
gas stream is typically iii|ected at a temperature of about 300*»C to 350^C and exits the 
dryer at a temperature of slightly above 100**C. 

Sodium alicate acts as a binder for the consolidation of individual aggregated 
mineral oxide micropartides. The dry microbeads obtained are then fired at a 
temperature which equals or exceeds the melting tempwture of the mineral oxide(s) 
used to form the microbeads in order to irrev^^ly consolidate the mineral oxide 
network. This operation also results in the reducdon of the pore volume of the beads 
to less than about thirty percent, and preferably to about 5% to 25% of the bead 
volume. 

The densities of mineral oxide solid supports or miCTobcads obtained by spray 
drying mediods are similar to those indicated on Examples I through 10. 
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The resulting dense solid support materials or microbeads may be subsequently 

coated or filled with an interacting polymer network comprised of various organic 

polymers in order to confer spedfic biomolecule adsorption properties to the solid 

support materials or mica-obeads. 

5 Example 12: 

Pr^aratton of highly dense mineral oxide 
microbeads by spray drying with rednced pore volume 

Microbeads are prepared according to Example 11 except that instead of 

sodium silicate solution, nitrates or suli&tes of the same mineral oxide particles used to 

10 prepare the beads are used as the binder. 

The resulting dense soEd support materials or mionobeads may be 

subsequendy coated or filled with an interacting polymer network comprised of 

various organic polymers in order to confer spedfic biomolecule adsorption 

properties to the solid support materials or microbeads. 

15 Example 13; 

Preparation of highly dense microbeads with reduced 
pore volume and enhanced external surface area 

Spherical beads which have a rough surfece have a higher external surfece area 

than smooth beads. This example describes a method of preparing soGd support 

20 materials or microbeads according to the present invention having a rough surface. 

Mio^obeads are prepared according to Examples 1 to 12 described above 
except that the initial mineral oxide micropartides or powder used in the aqueous 
slurry have partide azcs in the range of 3 jim to 15 ftm. When small dense mineral 
oxide solid supports or microbeads are made according to any of the methods 

25 described herein udng starting materials having large partide sizes, the resultmg solid 
supports or nticrobeads have a very roug^ surface and the total external area is 
therefore increased 

Once these solid supports or microbeads are collapsed (by the firir^g or 
calcination step) and arc provided with an interactive polymw network, e,g., such as 

30 described in Examples 14 to 20 below, these solid support materials or microbeads 
show similar densities to the mineral o?dde starting material used, and danonstrate 
increased bindiiig capacity proporttorial to thdrextOTial surfece area. Typically, \^*en 
the small dense mineral oxide solid supports or microbeads of the present invention are 
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made with rough surfaces, the surfiicc area as well as the binding capacities of the solid 
supports or microbeads are increased by about 5% to 30%. 

Example 14; 

Dextran coated highly dense zircotiium oxide beads 
5 A solution of IN sodium hydrowde is slowly added to 13 mi of an aqueous 

solution of 10% dextran (10.000 daltons molecular wdgjit) until a pH of 1 1.5 is 
obtained. Then, sodium carbonate is added up to the concailration of 0.2M, and the 
solution is cooled to 4^0. To the final mixture, 1% of butancdioldiglycidj^ether is 
added. The resulting solution is immediatebr added to 100 mi of settled small daisc 
10 adrconhim oride microbeads having diameters in the range of lOfmi to 100pm and a 
pore vohime of about 12% of the total bead volume, sudi as those prepared in 
Example 6, in order to inqjrcgnate the microbeads with dextran. 

The resulting impregnated microbeads are transferred into a dosed vessel and 
heated at 85^*0 overnight Vndet these conditions, the dextran solution is aosslinked 
15 in place rooted within the pores of the mineral oxide solid support, thereby filling die 
pores of the solid support media and creating a three dimensional interacting polymer 
netvirorfc of dextran which is rooted in the pores and coats the external surfece of the 
solid support materials or mio-obeads. 

The resulting solid supports or microbeads contain about 0.25 (wt)% sugars, 
20 and can be used in classical chromatography media synthesis methods for the 
attachment of ion exchanger, hydrophobic, as well as affinity chemical groups. 

Example IS: 
Passivation of the surface of titania beads 
Mineral oxide surfeces have innate bydro^l groups as well as Lewis acid ates 
25 tfiat are responsible £ov non-specific binding for biomolecules. The nature of these 
surfaces vary depending on the metal oxide and can be addic, alkaline or both. In 
order to eliminate non-spedfic bindbg, special polymers can be used as passivating 
agents and stabilized irreversibly in place by a diemical crosslinking. 

The sur&ce of titanium oxide nucrobeads is ahnost alkaline and as a result will 
30 adsorb addic proteins, for instance. In order to avoid non-spedfic binding of such 
molecules, passivation of the surface of these microbeads was accomplished by 
incubating the microbeads in 1 volimie of an aqueous solution of hyaluronic add, 
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which is well known for its non-adhesive properties. After washing to diminate excess 
hyaluronic add, the microbeads were dried and mcubatcd with 0.5 volume of a 
sohitioa contaimng 1% butanedioldiglycidylether in ethanol and 10 % of IN sodium 
hydroxide. The suspen^on was incubated overnight, and then washed extensively. 

5 The resulting passivated titanium oxide solid supports or microbeads may be used for 
subsequent applications. 

The resulting dense solid support materials or microbeads may be subsequendy 
coated or filled with an interaoing polymer network comprised of various organic 
polymers in order to confer specific biomolecule adsorption properties to the solid 

10 support materials or microbeads. 

Example 16; 

Highly dense mineral oxide beads 
with pore volume filled with agarose 

15 An agarose solution is obtained by dispersing 4 grams of agarose powder in 

water at eO^C to SOX under vigorous stirring. A dear solution is obtained by heating 
the sohition in a boiling bath for about 20 to 30 minutes. The agarose solution has the 
property to form reversible strong gds when cooled below 40^C. 

Mineral oxide (e.g:, hafiiium oxide, zirconium oxide, titanium oxide, and the 

20 like) solid supports or microbeads, prepared as in Examples 1-13 and 15, are heated at 
about ISO^'C in a closed vessel, and then impregnated vnth a volume of the hot agarose 
solution, wherein the amount of hot agarose solution used roughly corresponds to 
110% of the pore volume of the mineral oxide solid supports or microbeads. The 
resuWng mixture is kept at 80-120**C for 1-2 hours, and then progressively cooled to 

25 room temperature. As a result, the agarose solution inside the pore volume of die 

microbeads and close to the surfiice of the miwobeads is gelified and forms an organic, 
interactive polymer network which is ideal for the preparation of a large \'ariety of 
derivatives for liquid chromatography using classically described chemical reaaions. 

Example 17: 

30 Highly dense porous mineral oxide beads filled with cellulose. 

A solution of cdhilosc triacetate is prepared by dispersion in acetone. The 
concentration of cellulose can typically be Scorn 0. 1 to 5% by wdght Other solvents 
well known to die sldlled artisan can also be used for dissolving cellulose triacetate. 
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Mineral oxide (e,g.^ ha&ium oxide, zirconia, titania, and the like) solid 
supports or microbeads, such as those prepared in Examples 1-13 and IS, are placed 
in a closed vessd and impregnated with a volume of cellulose triacetate solution, 
TnHierein the amount of cdluiose triacetate sohmon used roughly corresponds to 1 10% 
of the pore volume of the mineral oxide solid supports or miat^eads. The resulting 
mixture is stirred for I -2 hours, and then the vessel is op^ed and the solvent 
evaporated slo^y by an air stream. 

Cellulose triacetate is deposited within the pore volume and the external 
surface area of the mineral oxide micTobeads and forms an hydrophobic organic 
network. The cellulose triacetate is then turned into pure cellulose by mixing the solid 
phase (mineral o}dde microbeads containing the celhilose derivative) widi O.S-2 M 
sodium hydroxide. The triacetate is hydrolyzed and cellulose is therefore regenerated. 
Cellulose is not soluble in aqueous environment, remains rooted inside the mineral 
oxide beads, and constitutes an ideal matrix for a number of derivatizations, sudi as 
the introduction of ion exchange groups or a£Exnity or hydrophobic groups after 
appropriate diemical activation reactions well known to the skilled artisan are 
performed. 

Example 18: 

Immobilization of Concanavalin A on a 
highly dense agarose-zirconium oxide derivative. 

Agarose-zirconium oxide solid supports or microbeads, prepared according to 
Examples 6 and 16^ are first dried by repeated washings with dioxane to eliminate all 
traces of water. The dried microbeads are then drained and 10 grams of the drained 
cake of this material is suspended in 25 ml of pure dioxane and I gram of 
carbonyldiunidazole (CDI) is added. The resulting mbcture is shaken for 4 hours at 
room temperature and then washed extensively vrith dioxane to eliminate the excess of 
reagents. The resulting CDI-activated material is mked with 5 ml of 10 mg/ml 
Concanavalin A dissolved in 0.2 M carbonate buffer at pH 10. The mixture is gently 
agitated overnight and finally washed extensively with water and a 25 mM phosphate 
hnSsx containing 0.5M NaQ pH 7.2. 

The resulting dense agarose-zirconium oxide solid supports or microbeads 
having Concanavalin A attached chemically on the surfiice show a bindmg capacity for 
ovalbumin of about 5 mg/ml. 
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Example 19 ; 

Preparation f highly dense anion 
exchanger by filling polymerization 

5 grams of dimeth^-acrylaimde, 0.5 grams of N,N*-methylene-bis- 

5 metbacrylamide and S grams cf m^haaylamjdoprop)4tiimeth^-ammonium chloride 

are dissolved m 50 ml of dhnethyisulfoxide. 50 ml of distilled water are added and 

mixed thorougjily, and then 0.2 grams of azo-bis-amidino-propane is added to the 

mixture. The resulting monomer solution is mixed v^th a given amou^ 

mmeral oxide solid siqiport or mic«bead prepared as in any of Examples 1-13 and 15, 

10 such that the amount of microbeads used corresponds to a porous volume of 100 ml, 

and the resulting mixture is mixed thoroughly and is placed in a closed vessel for 30-60 

minutes. 

The mixture is thra heated for four hours at 70-90^C m order to initiate and 

complete polymerization of the monomer mixture. At the end of the polymerization 

15 reaction, the resulting dense ion exdmnger solid supports or microbeads are washed 

extensively, and may be used for chromatographic s^aration or isolation of protdns. 

The immber of ionic groups per ml of micxobeads is about 65 (imoles and the 

binding capadty for bovine senmi albumin in classical conditions of ionic strength and 

pH is about 25 mg/ml. 

20 Example 20: 

Preparation of highly dense cation 
exchanger by fDling polymerization 

5 grams of dimeth^-acrylamide, 0.5 grams ofN,N'-mcthyIene-bis- 

methacrylamide and 5 grams of acrylamidomethyl-propane sulfonic add sodium salt 

25 are dissolved in 50 ml of diracthylsulfoxide. 50 ml of distilled water are added and 
nuxed thoroughly, and then 0.2 grams of azo-bis-amidino-propane is added to the 
mature. The resulting monomer solution is nuxed with a giv«i amount of dry dense 
mmeral oxide solid support or microbead prqjared as in any of Examples 1-13 and 15, 
such that the amount of microbeads used corresponds to a porous volume of 90 ml, 

30 and the resulting mixture is mixed thoroughly and is placed in a dosed vessd for 30-60 
minutes. 

The nuxtuie is then heated for four hours at 70-90X in order to initiate and 
complete polymttization of the monomer mixture. At the end of the polymerization 
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reaction, the resulting doise ion exchanger or microbcads are washed ejctcnsively, and 
may be used for Ghromatographic separation or isolation of proteins. 

The number of ionic groups per ml of microbeads is about 60 ^oles and the 
binding capacity for lysozyme in classical conditions of ionic strength and pH is about 
5 35 rngfroi. 

Example 2l! 

Measurement of binding capacity for a large 
protein of an anionic exchanger of different particle size 

Anion exchanger solid supports are prepared according to Example 17, 
10 wherein the mineral oxide matrix comprises zirconium oxide having pore volume of 
about 12% of the bead volume. The density shown by these beads is about 5,2 g/cm^. 

Various particle diameters of the resulting zirconium oxide solid supports 

having cellulose as the interactive polymer networic are isolated by sieving; specifically, 

the partide diameters isolated arc about lOfmi, 20\jm, 40\xm, and 80 |im. 

15 The binding capacities of these (Cfierent size particles are measured for the 

large macromolecules thyroglobulin (mw 670,000 daltons) and a 10 kb plasmid. 

Binding capacity is measured by breakthrough C*BT") curve method and calculations 

made at 10% breakthrough. 

Binding capacitv at 10% BT (me/ml) 
20 for different particle sizes and two macromolecules: 





10 |xm 
particles 


20 ^m 
particles 


40 |an 
particles 


80 ^m 
particles 


Thyroglobulin 


60mg/ml 


27mg^ml 


15 m^ml 


8 mg/ml 


Plasmid 


13 mg/ml 


5.8 mg/ml 


2.5 mg/ml 


1.8 m^ml 



Binding capacity of the dense mineral oxide supports or microbeads of the 
present invention is believed to be dq}endent on the partide size, and it is 
25 believed that binding is essentially displayed on the surface of these solid 
supports or microbeads. 
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Example 22: 

Fluidization proparties of various 
porous dense microspheres of mineral oxides 

Three types of mineral oxide beads are prepared according to the procedure 
5 described in E}canq)le 12. 

Specifically, a sodium silicate solution is prqpared by mixing ISO grams of a 
35% commmnai ^Ucate solution in 400 ml of distilled water. Similarly, a titanjd 
sul&te sohition is pr^ared by mi»ng 30 grams of titanyl sul&te in 400 ml of distilled 
water, and a zirconyl nitrate solution is prepzred by mixing 150 grams of a 20% 
10 2irconyl nitrate solution in 400 ml of distilled water. 

273 grams of dry solid irregular silicon oxide O^aving particle azes in the range 
of 0.3-5 Jim) are then added to the sodhim silicate solution under gentle stirring to 
prevent the intrxKiuction of air bubbles. Similariy, 275 grams of titanium oxide fine 
powder (having partide sires in the range of 0. 1- 10 \im) are added to the titanyl 
15 suU&te solution under gentle stirring, and 275 grams of zirconium oxide fine powder 
(having partide sizes in the range of 0.1-3 pm) are added to the zirconyl nitrate 
solution under gentle stirring. 

The resulting su^ensions are then eadi independently injected into a Sodeva 
Atsdab spray dryer (commerdally available firom Sodeva, Le bouget du Lac, France), 
20 tog^er with a hot air stream. The hot air stream is injected concurrently with the 
suspension into the v^cal drying chamber at a temperature of about SSO^'C, and exits 
the drying chamber at a tenQ)erature of about 

Each of the three types of dried mineral oxide miCTobeads obtained with tWs 
methodology are then calcined at 1400**C for 4 hours to reduce the pore volume to 
25 about 10-15% of the bead volume. 

The mean partide diameter of the resulting mineral oxide solid supports 
or microbeads is measured by laser-difiraction spectrometry (Nfalvem partide 
sizer). 

The fluidization behaviors of the difif^ent partides are investigated in a 
30 2.5 ID classical fluidized bed colmnn, u^ng distilled water as the mobile phase. 
The vdodty vrfiich allows a two time bed expansion of the bed of each type of 
mineral oxide solid supports or microbeads prepared as indicated above are as 
follow: 
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materials 


SiOi 




ZrOj 


mean particle diameter 
(jun) 


65 


60 


65 


specific density 
(gtan*) 


1.78 


2.9 


4.6 


linear vdocity 
(cm/h) 
at 2 time bed expansion 


136 


285 


630 



Increased density positively iinpacts the operating velodty at a two times bed 
expan^on. Tliis has a beneficial effect on the column productivity and 
fiuthennore decreases the risks assodated with the denaturation of biological 
matmaL 

Example 23: 

Capture of IgM from a serum fraction using a Concanavalin A 
derivative of highly dense adurconhim oxide microbeads 

20 grams of dense Concanavalin A-agarose-zirconium oxide solid 
supports or microbeads^ prepared according to Examples 6, 16 and IS, are mixed vnlh 
SO ml of SO mM Tris-HCI bufifer pH 7.8, contahung 2 mM Mha2. 

In parallel, 200 ml of frozen human plasma or serum sanq)le are thawed and 
filtered to eliminate oyopredpitate. Large proteins are precipitated firom the saicqple 
by adding pure ethanol up to a final concentration of 15% in volume. After agitating 
for about 20 minutes at room temperature, the predpitate is recovered by 
centrifiigation and dissolved in 1 liter of 50 mM Tris-HCI bufiEer pH 7.8, containmg 2 

The resulting sample solution, which is not completely dear and contains some 
material vftddi does not dissolve, is introduced into a fluid bed device akeady loaded 
with the miciobead susp^on equilibrated in SO mM Tris-HQ bufiEer pH 7.8, 2 mM 
lAnClx An upward buffer flow which maintains the beads at a 2 times bed expansion is 
applied. Once the sample has been completdy supplied to the device, a SO mM Tris- 
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HQ pH 7.8, 2 mM MhQ^ buffer is introduced to wash out all insoluble partides, and 

then non-spedfically adsorbed materials are duted by adding O.S M sodhim ddoride to 

the washing buflfer 

l^JM, whidi are known for their aflfinity for Concanavalin A (the glycosjdated 

moiety of 1^ interacts spedfically with Concanavalin A), are sdectively desorbed 

from the solid supports or microbeads by replacing the washing buffer with an dution 

buffer composed of 50 mM Tris-HQ buflfer pH7.8, 2 mM hbiCk and 20 mM of a- 

mediyl-glucopyranoside. After collection of the IgM is conq)Ieted, the column is then 

equilibrated with the initial buflfer, le., 50 mM Tris-HCI buflfer pH 7.8, 2 mMMntCb 

and then can be reused for anoth^ separation cyde. 

Eyample 24; 

Hepatitis B virus capture using a Cibacron Blue 
derivative of highly dense Titanium oxide microbeads 

20 grams of highly dense agarose-tttanmm oxide solid supports or microbeads, 
prepared according to Examples 3 and 16, are suspended in SO ml of 50 mM carbonate 
buflfer pH 1 1.5 containing 0.5 M sodium chloride. To this suspension 2 grams of 
CibaCTon Blue 3GA (a triazine reactive dye known for its aflfinity for Hepatitis B virus, 
commerdally available from Sigma Chemicals, St Louis, Nfissouri, USA) are added 
and the suspension is shaken overnight at room temperature. The suspension is thai 
heated at 60**C for about an hour , and then the suspension washed extensively to 
dimmate any excess of Cibacron Bhie 3GA dye molecules. 

The resulting slurry is introduced into a fluid bed device of 2.5 cm diameter and 
continuously maintained in suspension by an upward flow of a phosphate buflfered 
salme. A human immunoglobulin smple sohition containing hepatitis B viruses in 
physiological buflfer is then introduced into the column from the bottom at a linear 
vdodty which maintains the solid supports or microbeads in fluidized state. Viruses 
are captured by the Cibacron Blue fimctionalized agarose-titanium oxide solid supports 
or microbeads, white the virus-depleted immunoglobulin sample solution is collected 
from the top of the cobmiu The Cibacron Blue fonctionalized agarose-titania solid 
supports or microbeads are then washed with sodium hydroxide and othw sterilizing 
solutions so as to eliminate and inactivate the adsorbed \aruses, and then reequilibrated 
with the initial loading buflTer such that other separation cydes may be pefformed. 

Virus dearance according to this example can be on the order of about 4 logs. 
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Example 2S: 

Capture of piasmids from a £ coB crude extract tising a 
quaternary amino derivative of highly dense zirconium oxide microbeads 

SO grams of highly dense anion exchanger-^conium oxide solid supports or 

nuGTobeads, prepared according to Exanoples 6 and 19, are suspended in 100 ml of 

50 niM Tris-HO, 500 mM NaQ buffer pH 8.5 and mtroduced into a fluid bed cohmm 

of 25 mm diameter and maintained in suspension by an upward flow at a speed Mgh 

enough to prev^ mimbeads from settling and maintains the mimbeads in a fluidized 

state. 

In parallel mRcoIi lysate obtained using classical alkaline-SDS treatment 
(0^ MNaOH 1%-SDS) is subject to various alcoholic predphations (Green etaL, 
"Pr^arativc purification of supercoOed plasmid DNA for therapeutic applications/' 
Biopharm^ pp. 52-62 (May 1997)) in order to eliminate proteins, is diafiltered against 
50 mM Tris-HCl, 500 mMNaQ pH 8.5 buffer and the resulting lysate sample is 
introduced into the column from the bottom end, at the same linear velodty which 
prevents the microbeads from s^tling and maintains the nucnobeads in a fluidized state. 

The dense microbeads in suspended in the fluidized bed adsorb most of nucleic 
add molecules in the lysate sanqile; except for small fragments. The fluid bed 
suspension is then washed with the same working buffer in order to eliminate unbound 
contaminants. Then, a 50 mM Tris-HO pH 8.5 buffer containing 680 mM NaCl is 
iised to wash out RNA molecules. Thereafter, plasmid molecules are spedfically 
duted in fluidized bed mode, by increasing the NaCl concentration in the buffer to 
1000 noM. HnaDy, strongly bound contaminants, sudi as genomic DNA, are desorfoed 
fivm the nucrobeads by deaning in the fluid mode using an 0.5 M sodium hydroxide 
sohition. The cohmm is then reeqwlibrated with 50 mM Tris-HQ, 500 mM NaCl 
buffer pH 8.5 such that another cyde may be perfonned. 

The puriQr of the piasmids obtained with this fluid bed process is comparable to 
that obtained using a rimilar cationic solid phase packed in a fixed bed column. 
However, in the present example, dution is easier since in fluid bed mode the viscosity 
of the plasmid sample does not limit die flow rate of the column, as is the case in a 
packed bed mode. 

It should be apparent to those skilled in the art that other compositions and 
m^ods not spedfically disclosed m the instant specification are, neveithdess. 
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contemplated therdiy. Such ther compositions and m^ods are considered to be 
within the scope and spirit of the preset invention. H^ce, the invention should not be 
limited by the description of the specific embodiments disclosed herein by only by the 
foHowing daims. 
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What is claimed is: 

1 . Dense mineral oxide solid supports comprising 

a) a mineral oxide matrix having a pore volume wbich is less than 
5 30% of the total volume of the mineral oxide matrix, and 

b) an interactive polym^ network which is rooted in pores and on 
the suifiioe of the minoal oxide matxix. 

2. The dense mineral oxide solid supports of Qaim 1, having a density in 
10 the range of about 1.7 to 11. 

3. The dense mineral oxide solid supports of Claim 2, wherein the density 
is in the range of about 2.1 to about 10. 

^5 4. The d^e mineral oxide solid supports of Claim 1 or 2, wherein said 

dense mineral oxide solid supports have a partide size in the range of about 5 jim to 
about SOO |inL 

5. The dense mineral oodde solid supports of Claim 4, wherein the 
particle size is in the range of about 10 \mi to about 100 (im. 

6. Dense mineral oxide solid supports comprising 

a) a mineral oxide matrix having a pore volume which is less than 
30% of the total volume of the mineral oxide matrix; and 

b) an interactive polymer networic which is rooted in pores and on 
the sui&ce of the mineral oxide matrix, 

wherein said dense mineral oxide solid supports have a density of 2.1 to 11, and a 
particle size of 10 ^m to 100 ^un. 

7. THc dense mineral oxide solid supports of Claims 1 or 6, wherein the 
pore volume is 5 % to 25 % of the total volume of the mineral oxide matrix. 

8. The dense mineral oxide solid supports of Claim 7, wherein the pore 
volume is 5% to 15%. 
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9. The dense mineral xidc solid supports of Oaims 1 or 6, wherdn the 
mineral xide matrix is comprised f titania, zircoma, yttria, ceria, hafiiia, tantalia, or 
mixtures thereof 

5 10. The dense mineral oxide solid supports of Qaims 1 or 6, wh^ein the 

intaactive polymer nctworic comprises a soluble organic polymer or a mixture of 
soluble organic polymers crosslinked in place with the mineral oxide matrix. 

1 1. The dense mineral oxide solid supports of Claim 10, wherein the 
10 sohible organic polymer is a polysaccharide or a mixture of polysacdiarides. 

12. The dense mineral oride solid supports of Claun 1 1, %^*erein the 
polysaccharide is selected from the group consisting of agarose, dextran, cettulose, 
chitosan, a glucosaminoglycan, and derivatives thereof 

13. The dense minOTJ oxide solid supports of Oaim 10, wherdn the 
soluble organic polymer is a Uncar soluble organic polymer selected from the group 
consisting of polyvinyl alcohol, a pdyethyleneiminc, a polyvinylamine, 
polyvinylpyrroUdone, a poly^yleneglycol, a polyaminoadd, a nuddc add, and 

20 derivatives thereof 

14. The dense minwal oxide solid supports of Qaims 1 or 6, wherdn the 
interactive polymer network comprises monomers, bifoncdonal monomers, or 
mixtures thereof copolymerizcd in place with the mineral oxide matrix. 

25 . u 

15. The dense mineral oxide solid supports of Claim 14, wherem the 

monomers are selected from the group consisting of 

(a) aliphatic ionic^ non-ionic, and reactive dOTvaiives of acrylic, 
mediacrylic, vinylic, and allele compounds; 
30 (b) aromatic ionics non-ionic, and reactive derivatives of aaylic, 

metfaacrylic, vinylic, and allylic compounds; 

(c) heterocyclic ionic, non-ionic, and reactive dwivatives of aayltc, 
methacrylic, vinylic, and allylic compoimds; and 

(d) mixtures of ar^ of the monomers in (a), (b) or (c). 
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16. The dense mineral oxide solid supports of Claim IS, vdierein (a) is 
aoylamide, dimethylaaylamide; trisacryl, acrylic add, aoyloylglydne, 
diethylaminoethyl methacryiamide, vinylpyrFoUdone. vinyisulfonic acid, allylamine, 
allylglycydylether, or derivatives thereof 

5 

17. The d^e mineral oxide solid supports of Claim 15, wherdji (b) is 
vinyltohiene, phenylpropyiacrylamide, tximethylaminophenylbutylmethacrylate, 
trit^aaylamide, or derivatives thereof 

10 18. The dense mineral oxide solid supports of Claim 1 5, wherein (c) is 

vinyltmtdazole, vinylpyirolidone^ acryloylmorpholine, or derivatives thereof 

19. The dense mineral oxide solid supports of Claim 14, wherein the 
bifunctional monomers are selected from the group consisting of: 

15 (a) bisacryiamides; 

(b) bis-methacrylamides; 

(c) bis-acrylates; 

(d) ethylen^lycol-methaorylates; and 

(e) diallyttartradiamide. 

20 

20. The dense mineral o^dde solid supports of Claim 19, wherein (a) is 
NJ^*-methylene-bLs-acrylamide, N.N'-ethylene-bis-acrylamide, N,jr-hexamcthylene- 
bis-acrylamide; or^yoxal-bis-acrylamide. 

25 21. The dense mineral oxide solid supports of Claim 19, wherein (b) is 

HN*-methyIene"bis-metha<Tylamide; N^'-ethyiene-bisHnethacrylamide, or N,N'- 
hexametl^lene-bis-methacrylaraide. 

22. The dense mineral oxide solid supports of Qaim 19, wherein (c) is 
30 ethyleneglycoldiacrylate, or ethyleneglycoldimethac^iate. 

23 . A method of separating a target molecule by solid phase adsorption 
comprising passing a sample containing said target molecule through a 
chromatography device loaded with a solid phase matrix comprising the dense 

35 mineral oxide solid supports of Claim I or Claim 6. 
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24. The method of Claim 23, wherein the target molecule is a biological 
molecule. 

25. A method for separadng a desired biological molecule fi*om a sample 
solution containing the same comprising the steps of : 

a) loading a chromatogr^hy device with a chromatogr^hy bed 
comprised of dense mineral oxide solid supports comprising 

i) a mineral oxide matrix having a pore volume which is less than 3 0% 
of the total volume of the minml oxide matrix, and 

ii) an intmctive polymer n^work vMch is rooted in pores and on the 
sui&ce of the mineral oxide matrix, ^ndierein the interactive polymer 
n^work is &nctionalized to have affini^ for the desired biolo^cal 
molecule; 

b) feeding the sample solution containing said desired biological 
molecule into the chromatography device^ whereby the desired biological molecule is 
adsorbed to the dense mineral oxide solid supports; 

c) washing the chromatography device with a washing buffer and 
discharging undestred components and impurities of the sample solution from the 
diromatogra^hy device 

d) feeding an eluting buffer into the chromatography device, wherein said 
eluting buffer causes the desired biological molecule to be released from the dense 
mineral o^dde solid supports; and 

e) collecting the dedred biological molecule. 

26. The method of Claim 25, in^erem the dense minoal oxide solid 
supports have a density in the range of about 2.1 to about 11. 

27. The method of Claim 25 or 26, v^erdn said dense mineral oxide solid 
supports have a particle size in the range of about 5 |im to about 500 pm. 

28. The method of Claim 27, wherein the particle size is about 10 |im to 
about 100 \im, 

29. The method of Claim 25, wherein the mineral oxide matrix is 
comprised of titania, ^rconia, yttda, ceria, hafiiia, tantalia, or mixtures thereof 
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30. The method of Claim 28, wherein the mineral oxide matrix is 
comprised of titania, zirconia, yttria, ceria, hafcia, tantaKa, or mixtures thereof 

3 1 . The method of Claim 25, i^erein the interactive polymer n^woxk 
comprises a sohible organic polymer or a mixture of soluble organic polymers 
crosslinked in place with the mineral oxide matrix. 

32. The method of Claim 25, wherein the interactive polymer network 
comprises monomers, bifimctional monomers, or mixtures thereof copolymerized in 
place with the mineral oxide matrix. 

33. The method of Claim 25, wherein the desired biological molecule is a 
macromolecule. 

34. Hie method of Claim 33, wherein the maax)molecuIe is a 
polysaccharide^, a plasmid, a nucleic acid, a polynucleotide, or a protein aggregate. 

35. The method of Claim 25, vAerein the desired biological molecule is a 
bioparttde. 

36. The method of Claim 35, wherein the bioparticle is a vims, a viral 
vector, a membrane protdn, or a ceUular structure. 

37. The method of Claim 25, herein the chromatogr^hy device is a 
packed bed column, a fluidized bed column, or a continuous stirred tank. 
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38. A fluidized bed chromatography method for separating a desired 
biological molecule fiom a sample solution comaining the same comprising the steps 
of: 

a) loadmg a fluidized bed cohunn with a chromatography bed comprised 
of dense mineral oxide solid supports comprismg 

i) a mineral oxide matrix having a pore vohune\^*ich is less than 

30% of die total vohime of the mineral oxide matrix, and 
iO an interactive polymer network wAich is rooted m pores and on the 
sur&ce of the mineral oxide maxwc, wherein the interactive 
polymer network is fonctionalized to have afiBnity for the desired 
biological molecule; 

b) feeding an initial buflEcr into said fluidized bed column at a linear 
velocity vMcb causes the dense mineral oxide solid supports to form a fluidized bed; 

c) feeding the sample solution contaming said desired biological 

15 molecule into the fluidized bed cohinm at a Imear velocity which maintains the dense 
mmeral oxide solid supports in the fluidized bed, whereby the desired biological 
molecule is adsorbed to the dense mmeral oxide solid support^ 

d) "washing the chromatography device whh a washing buffer and 
discharging undesired components and impurities of the sample sohition &om the 

20 fluidized bed column device; 

c) feeduig an ehition bufiFer into the fluidized bed column, wherein said 
. elution buffer causes the desired biological molecule to be released from the dense 
mineral oxide solid supports; and 

{) collecting the desired biological molecule eluted flrom the fluidized bed 

25 COluiUL 

39. The method ofOaim 38, wherem Ac dense mineral oxide solid 
supports have a density m the range of about Z 1 to about 1 1 . 

30 40. The method of Chiim 38 or 39, wherein said dense mineral oxide soUd 

supports have a particle size in the range of about 5 fxm to about 500 jun. 

41. The method of Claim 40, wherein the particle size is about 10 jim to 
about 100 pm. 
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42. The method of Claim 38, wherein the mineral oxide matrix is 
comprised of titania, zinxmia, yttria, ceria, hafiiia, tantalia, or mixture th^eof 

43. The method of Claim 41, v*icrein the mmeral oxide matrix is 
comprised of titania, zirconia, yttria, ceria, hafiiia, tantalia, or mixtures thereof 

44. The method of Claim 38, vAerein the interactive polymer network 
comprises a soluble oiganic pofymer or a mixture of soluble organic polymers 
crosslinked in place with the mmeral oxide matrix. 

45. The method of Claim 38, wherdn the interactive potymer network 
comprises monomers, bifimctional monomers, or mbctures thereof copolymerized in 
place with the mineral oxide matrix. 

46. The method of Claim 38, wherein the desired biological molecule is a 
macromolecule. 

47. The m^hod of Claim 46, i^erein the macromoleculc is a 
polysaccharide a plasmid, a nucleic acid, a polynucleotide, or a protein aggregate. 

48. The method of Claim 38, wherein the desired biological molecule is a 
bioparticle. 

49. The method of Claim 48, wherein the biopartide is a viriis, a viral 
vector, a membrane protein, or a cellular structurew 

50. The fluidized bed chromatography method of Claun 38^ wherein the 
linear velocity is within the range of 100 cm/hour to 3000 an/hour. 
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51. A method for preparing dense mineral oxide solid supports which 
comprises: 

(a) preparipg a mixture of particles of at least one minaal oxide; 

(b) forming a mineial oxide matrix from said mixture; 

(c) sintmng the resulting minml oxide matrix at a high temperature 
which mehs subpartides in the mineral oxide matrix . wherdn the sintering reduces 
the pore volume of flie minc^ oxide matrix to less than 30% of the total volume of 
the mineral o^dde matrix; and 

(d) fonning an interactive polymer n^ork rooted in the pores and on the 
sur&ce of the resulting sint^ed mineral oxide matrix. 

52. The method of Claim 51, wherein the mineral oxide is selected from 
the group consisting of tetania, zirconia, yttria, cma, hafiiia, tantalta, or mixtures 
thereof 

53. The m^hod of Claim 51, wherein the partides of mineral oxide have a 
partide size of in the range of O.I \m to 15 ^m. 

54. The method of Claim 53, Therein the partides of mineral oxide have a 
paztide size of 0.1 (un to 3 pm, 

55. The method of Claim 5 1, ^^erein the dense mineral oxide solid 
supports have a rough surfece, and wherdn the particles of naineral oxide have a 
particle size of 3 ^m to 15 pn. 

56. The method of Claim 51, wherein the beads are formed by a sol-gel 
process, a qnray drying process, or an emulsioitf olycondensation process. 

57. The method of Chum 51, v^erdn the interactive poljoner network is 
comprised of monomers, bifimctional monomers, or mixtures thereof copolymerized 
in place with the mineral oxide matrix, 

58. The method of Claim 51, wherein the interactive pob'mer network is 
comprised of a sohible organic polymer or a mixture of soluble organic polymers 
CTosslinked in place wth Ae mineral oxide matrix. 
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